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In this article I aim to provide an intuitive and non-technical introduction to decoherence and
quantum Darwinism. Together these theories explain how our classical reality emerges from an
underlying quantum mechanical description. Here I focus on two aspects of this and explain, firstly,
how decoherence can tell us why we never see macroscopic superpositions, such as dead-and-alive
cats, in our classical surroundings; and secondly I introduce and then provide a resolution to the so-
called preferred basis problem. I then introduce a remarkable recent result by Branda˜o et al. [Nat.
Commun. 6, 7908 (2015)], which show that certain aspects of classicality are generic phenomena that
emerge from the basic mathematical structure of quantum mechanics. This is in stark contrast to
the majority of previous results in this field that focused on specific models that cannot realistically
be scaled up to explicitly answer questions about the macroscopic world. Finally, I demonstrate
how decoherence and quantum Darwinism can shed significant light on the measurement problem,
and I discuss the implications for how we should interpret quantum mechanics.
Since the early development of quantum mechanics,
there has always been an apparent divide between the
quantum and classical worlds. Quantum mechanical ob-
jects perpetually exist in superposition states: electrons
orbiting nuclei live in a delocalised state with an unde-
fined position; and photons can be said to be in all possi-
ble locations simultaneously until they are detected. Yet
at the other end of the scale, macroscopic objects such as
cats and dogs are never found to be in a superposition.
The equally mysterious properties of entanglement and
nonlocal correlations are likewise never witnessed on a
day-to-day basis. Despite this, macroscopic objects are
made of quantum particles, and this raises a question
that has always sparked debate and controversy: Can
quantum mechanics alone describe the macroscopic clas-
sical world, or do we need an additional or extended the-
ory? If the former, then numerous phenomena need to
be explained using only the theory of quantum mechan-
ics, such as why we never see macroscopic objects in a
superposition, and less obvious questions such as why
macroscopic objects exhibit objective properties.
One focus of this article is the notion of objectivity. A
property is said to be objective if multiple observers agree
on the details of that property. For example, all of the
objects around you have an objective position. If I ask
the question “where is my cup of tea?”, then my answer
will be the same as any other observer looking at the tea
(at least to a good approximation). So why is it, and
how is it, that properties of the objects we see around us
are objective? The answer to this question is not obvious
when we think about the quantum mechanical properties
of the constituents of these macroscopic objects. Despite
this, we will see in this article that quantum mechanics
does lead to objectivity. I will show this by introducing
the powerful framework of decoherence – which itself ex-
plains why macroscopic superpositions do not persist –
and an extension of decoherence known as quantum Dar-
winism [1–9]. But before this, to fully specify the notion
of objectivity we are concerned with, I will first introduce
the “preferred basis problem”.
The preferred basis problem
A particularly interesting problem – which we will see
is closely linked with objectivity – is the question of why
there is a preferred basis in the macroscopic world. To
understand what is meant by this, imagine the spin of
an electron, which can be in two states, |↑〉 or |↓〉, as
represented by the basis {|↑〉 , |↓〉}. If the state of the
electron is |↑〉, then if we measure the electron in the
basis {|↑〉 , |↓〉}, then we know that with certainty we will
always obtain the measurement outcome “up”. However,
if we prepare the electron in a balanced superposition of
|↑〉 and |↓〉, given by
1√
2
(|↑〉+ |↓〉), (1)
then the probability of measuring up will be 1/2, and
similarly the probability of measuring down will be 1/2.
But there are other bases, which are equally valid, that
can be used to measure the electron. Take the basis cor-
responding to the electron being in the state |→〉 or |←〉,
which are defined as
|→〉 = 1√
2
(|↑〉+ |↓〉) (2)
|←〉 = 1√
2
(|↑〉 − |↓〉). (3)
If we measure the electron in this basis, then if the state
of the electron is |↑〉, then the probability of measuring
left is 1/2, which is the same probability as measuring
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2right. But if the electron is in the state |→〉, then clearly
the probability of measuring right is 1. This example will
be familiar to many quantum theory researchers, and it is
often taken for granted that there are different bases with
which we can measure in. Indeed, in the lab the state |↑〉
can be changed to the state |→〉 by simply rotating the
electron 90 degrees; or by rotating the lab 90 degrees;
or even just by redefining which direction is up! There
is nothing special about any basis – they are all equally
valid; there is no “preferred basis” here.
In our everyday experiences of the macroscopic world,
the notion of measuring in a particular basis is very dif-
ferent than in the example of an electron above. To intro-
duce why this is so, I will use the example of Schrd¨inger’s
cat: a cat is placed in a box, isolated from its surround-
ings, with a device that contains a radioactive atom and
a vial of poison. If the atom decays, then the device is
designed to release the poison, killing the cat. What if
the atom is prepared in a superposition state of decay-
ing and not decaying? The Schro¨dinger equation – the
equation governing the evolution of isolated systems in
quantum mechanics – predicts that if the atom is in a
superposition state, then this will lead to the cat being
in a superposition state:
1√
2
(|dead〉+ |alive〉) (4)
where |dead〉 represents the dead cat, and likewise for
alive. (Note that the state |dead〉 represents the dead cat,
and also the decayed radioactive atom and the released
poison. Similarly for alive.) If the box is then opened,
then the obvious question to ask for whoever opens the
box is: “is the cat dead or alive?”. This corresponds to
performing a measurement in the basis {|dead〉 , |alive〉}.
But if we follow the same prescription as in the case of the
electron, then there are different bases we can consider,
such as {|+〉 , |−〉}, where we define:
|+〉 = 1√
2
(|dead〉+ |alive〉) (5)
|−〉 = 1√
2
(|dead〉 − |alive〉). (6)
It is intuitively clear from our experience that the cat is
never in a superposition state such as |+〉 or |−〉. But how
can we be sure of this? If we could measure in the basis
{|+〉 , |−〉} then by obtaining the measurement outcome
plus we could determine with high confidence that the cat
is in the state |+〉. But we never perform measurements
in the basis {|+〉 , |−〉}. Why is this? We can extend
this idea to any measurement of the position of objects
around us. We invariably asked the question “where is
this object, here or there?”, but we never ask the question
“is it in a superposition ‘here + there’ or ‘here− there’?”.
(Of course, in general we perform position measurements
with multiple possible outcomes, not just two, but the
same argument holds true in the more general case.)
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FIG. 1. A Mach-Zehnder interferometer.
It seems that nature restricts our measurements to al-
ways be in some particular basis (this basis is termed the
pointer basis). In fact we seem to be forced, but with-
out knowing it, to measure in this basis. This article
will address this particular issue, and I will explain why,
and under what conditions, objects that are described by
quantum mechanics can only be measured in this partic-
ular basis.
This fits into the idea of objectivity in the following
way: if two different observers measure in a different ba-
sis, then the notion of objectivity doesn’t even have a
clear meaning. Put another way, if two different peo-
ple ask different questions, it wouldn’t make sense to say
that they agree on the answers. In the example above,
if two different observers are asked to peer into the box
containing Schro¨dinger’s cat and describe what they see,
there are two things we can be certain of: i) the observers
will measure in the same basis, and ii) they will agree on
the outcomes of their measurements. It is instructive –
and entertaining – to imagine how human society would
function in a world in which there wasn’t a preferred ba-
sis!
To introduce some important terminology, roughly
speaking the notion of which basis to measure in can be
slightly generalised to the notion of which observable to
measure. But for the purpose of this article, the measure-
ment basis and the observable can be considered the same
thing, and I will interchange these terms throughout.
Decoherence
To explain how objectivity and a preferred basis
emerge in quantum mechanics, I must first introduce the
frameworks of decoherence and quantum Darwinism. De-
coherence rests on the important observation that quan-
tum systems are rarely isolated, but invariably interact
with an inaccessible environment. By studying how the
system and environment interact, I will show how deco-
herence can be used to explain why certain superposition
states are fragile. In turn we will see why macroscopic
superposition states – such as a cat being dead and alive
– are never seen in the real world.
I will begin with an intuitive, but perhaps unconven-
tional, introduction to decoherence. Imagine inputting a
3single photon into a two path interferometer, as shown
in Figure 1. The state in which there is a single pho-
ton in path a and a vacuum in path b is represented by
the state |1, 0〉ab, where the subscript corresponds to the
paths shown in the Figure. The photon enters the first
beam splitter, which results in the following transforma-
tion:
|1, 0〉ab →
1√
2
(|1, 0〉ab + |0, 1〉ab) (7)
The beam splitter has created a superposition state: the
photon is in a superposition of being in path a and path
b. But how do we know it is in a superposition? This
may seem like a simple question, but it is crucial to un-
derstanding quantum mechanics. The answer is that the
only way we can determine that something is in a super-
position is using the phenomenon of interference.
(Note: the statement that interference is the only way
to confirm a superposition assumes that our measure-
ments are restricted: in this example we are assuming
we can only measure whether the photon is in the upper
or lower detector – we make the perfectly reasonable as-
sumption that we can’t measure whether the photon is in
a superposition of these detectors. Similar reasonable as-
sumptions about what we can measure follow throughout
this article.)
The interferometer provides a natural way to demon-
strate interference (hence the name), as I now show.
What happens to the state in equation (7) when it goes
through the second beam splitter? Because quantum me-
chanics is linear, we can work out separately what hap-
pens to each part of the superposition state of the pho-
ton. We know what happens to the state |1, 0〉ab, and it
can be shown that the state |0, 1〉ab is transformed in the
following way:
|0, 1〉ab →
1√
2
(|0, 1〉ab − |1, 0〉ab). (8)
The minus sign is necessary to keep the transformation
unitary. Putting this together, the superposition state is
transformed as follows:
1√
2
(|1, 0〉ab + |0, 1〉ab)
→ 1
2
(|1, 0〉ab + |0, 1〉ab + |0, 1〉ab − |1, 0〉ab).
= |0, 1〉ab (9)
This is the archetypal demonstration of destructive inter-
ference: the state |1, 0〉ab cancels with itself, leaving only
the state |0, 1〉ab. If we place detectors at the outputs of
the interferometer, we will see that, no matter how many
times we repeat the experiment, we will never observe a
photon at detector A.
Now imagine we place a small detector on path a, as
shown by the box labelled D in Figure 1. For reasons
that will become clear later, I will refer to this detector as
the “environment”. The environment starts in the state
r (where r stands for the environment being “ready”).
The environment does not disturb the path of the photon,
but if the photon is in path a then it will record this by
changing state accordingly:
|1, 0, r〉 → |1, 0, a〉 |0, 1, r〉 → |0, 1, b〉 (10)
Therefore, the total state of the photon (in between the
beam splitters) interacts with the environment as follows:
1√
2
(|1, 0, r〉+|0, 1, r〉)
→ 1√
2
(|1, 0, a〉+ |0, 1, b〉) (11)
We can see that the environment and the photon are
now in an entangled state. We can now pass the photon
through the final beam splitter, but the result is quite
different from before:
1√
2
(|1, 0, a〉+ |0, 1, b〉) (12)
→ 1
2
(|1, 0, a〉+ |0, 1, a〉+ |0, 1, b〉 − |1, 0, b〉)
We now make an assumption that is crucial to decoher-
ence: we say that the two states of the environment, a
and b, are orthogonal to one another (i.e. 〈a|b〉 = 0; I will
return to this notion of orthogonal environmental states
later). Because of this orthogonality, the equation above
demonstrates that there has been no destructive inter-
ference. The fact that the environment has recorded the
state of the photon prevents any interference from hap-
pening. The probability of detecting the photon in de-
tector B is now given by:
P (A) = P (B) = 1/2. (13)
Therefore, half of the time we detect the photon in de-
tector A. The interaction with the environment has pre-
vented us from determining that a superposition state
was present – but note that the combined state of the
system and environment is still in a superposition state,
we just can’t confirm this. To introduce terminology that
will be used later, we can say that the state of the envi-
ronment is “inaccessible” to us. In this context, what we
mean by this is that we cannot control and manipulate
the environment. If we could control and manipulate it,
we could “erase” the state of the environment, and this
would allow the interference to be restored, and the su-
perposition to be confirmed again. This idea of erasure
is fascinating and highlights many important aspects of
quantum mechanics, but a discussion of this is beyond
the scope of this article (e.g. see the “delayed choice
quantum eraser”).
4The above example is at the heart of decoherence: an
inaccessible environment interacts with the system of in-
terest, and prevents interference from taking place. With
no interference, we cannot determine that a superposition
state is/was present. While decoherence has not actually
destroyed the superposition itself, it completely destroys
our ability to confirm the superposition state. If we can-
not ever experimentally determine it, does this mean the
superposition state does not exist? I’ll return to this
question later.
In situations with a system interacting with an inacces-
sible environment, it is often more convenient to calcu-
late the final probabilities (e.g. equation (13)) using the
partial trace. If we only have access to part of a multi-
partite system, then we can perform a partial trace over
the inaccessible subsystems – we “trace them out”. For
example, we can trace out the state of the environment in
equation (11); it can be shown that this leaves the photon
before the second beam splitter in the density matrix
1
2
( |01〉 〈01|+ |10〉 〈10|+ 〈a|b〉 (|10〉 〈01|+ |01〉 〈10|))
=
1
2
(|01〉 〈01|+ |10〉 〈10|). (14)
We then calculate the probabilities of detection to find
exactly the same result as equation (13). With a little
thought it becomes clear that the partial trace is just
an alternative but equivalent method of calculating the
final probabilities whenever we only have access to part
of a state (the reason for this stems from the fact that
Tr(ρM) = TrETrS(ρM)).
Note that the state in equation (14) above is not a su-
perposition state, it just represents a photon that is either
in the state |01〉, or the state |10〉, with 50% probability
of being each. This is equivalent to tossing a coin and not
knowing the answer: you know that the state is heads or
tails, but you do not know which. In fact, if we have
no access to the environment, then there is no way to
distinguish the state in equation (14) from a completely
classical state in which we know the photon is |01〉 or |10〉
but don’t know which. In the language of decoherence,
we see that the interaction with the inaccessible environ-
ment has reduced our superposition state to a state that
is entirely equivalent to a classical probabilistic mixture.
While decoherence destroys superposition states, there
exists special states, known as “pointer states”, that sur-
vive the interaction with the environment (these states
belong to the “pointer basis” that was introduced ear-
lier). As an example, if the state |01〉 interacts with the
“environment” in Figure 1, then after tracing out the
environment we have
|01〉 〈01| , (15)
which is just the same state written as a density ma-
trix. Despite the fact that the photon has interacted
with the environment, the state is completely unchanged
– this state is immune to decoherence. The same results
will be found with the state |10〉, which is also a pointer
state. This is a crucial part of decoherence: pointer states
survive the interaction with the environment, but super-
positions of pointer states are reduced to mixtures.
Decoherence is often used to explain why superposi-
tion states are never found in the macroscopic world. To
illustrate this, I now give a highly simplified real-world
example, which should nonetheless serve to demonstrate
how decoherence works. Again consider Schro¨dinger’s
cat, which can be in two states, |dead〉 or |alive〉. To
simplify this explanation we can assume that if the cat is
alive then it is sitting up, whereas if it is dead it is lying
down. Imagine first that the cat is alive. In principle,
we could send a single photon into the box, aimed at the
cat’s head. Because the cat is sitting up, the photon will
bounce off its head. But if the cat was dead, and there-
fore lying down, the photon would pass straight through
to the other side of the box. This photon therefore con-
tains information about the state of the cat, and as with
the interferometer example above we can formalise the
interaction between the cat and the photon as follows:
|alive〉 |r〉 → |alive〉 |a〉
|dead〉 |r〉 → |dead〉 |d〉 . (16)
Here |r〉 is the state of the photon before it hits the cat
(“ready”), |a〉 is the photon that has bounced off the cat’s
head, and |d〉 is the photon that has passed through to
the other side of the box (these photons contain informa-
tion about whether the cat is alive or dead, respectively,
hence the labelling a and d). If the cat is initially in a
superposition of dead and alive then the following inter-
action takes place:
1√
2
(|dead〉+ |alive〉) |r〉 → 1√
2
(|dead〉 |d〉+ |alive〉 |a〉).
(17)
We can then perform the same analysis as above and
trace out the state of the photon, which gives the final
state of the cat as
1
2
(|dead〉 〈dead|+ |alive〉 〈alive|). (18)
The cat is now in a mixture of being dead or alive.
Note that we have assumed that the two photon states –
bouncing or not bouncing off the cat’s head – are com-
pletely orthogonal to one another. Their wave functions
will have zero overlap for all practical purposes (FAPP),
and therefore this approximation is valid. Note that as
with the above example, the superposition hasn’t actu-
ally been destroyed, but it is impossible to determine the
superposition, so FAPP the superposition has been de-
stroyed, and a classical state remains.
This argument can be extended to the more realistic
case of having a huge number of photons – and air par-
ticles – in the box with the cat. After interacting with
5the cat, the environment (photons and air particles) will
contain information about the state of the cat, and we
name the final state of these environmental states Edead
and Ealive. The same conclusions as above will hold as
long as the overlap 〈Edead|Ealive〉 is zero, but this over-
lap will be far less than the overlap of the single photon.
Also note that in the above example with a single-photon-
environment it is at least conceivable that we can control
and manipulate the photon, and therefore erase its state,
restoring the possibility of the cat interfering with itself.
But for the realistic environment of an Avocado’s number
of particles and photons the environment is completely
beyond our control, and can legitimately be traced out,
thereby preventing the survival of the superposition state
|dead〉+ |alive〉.
If we repeat the same analysis with an alive cat, then
a very different outcome happens. After interacting with
the photon, we trace out the state of the photon to give:
|alive〉 〈alive| . (19)
But this is just a pure state of an alive cat. This is
because the states |dead〉 and |alive〉 are pointer states,
and as introduced above these states are not “destroyed”
by decoherence. Presumably, though it has not yet been
proved, all of the objects around you are in pointer states.
For example, the chair you sit on is in a pointer state:
it continuously interacts with the environment – largely
photons – but it remains in the same state. However, if
you were to prepare the chair in a superposition of two
different locations, you would soon find that the super-
position reduces to a classical mixture.
Decoherence has been highly successful in modelling a
large number of “realistic” scenarios. For example, if a
dust particle (the system) is prepared in a superposition
of different locations, and then allowed to interact with
numerous air molecules (the environment), it has been
showed that the superposition reduces to a mixture. Sim-
ilarly, a neuron cannot survive for long in a superposition
of firing and not firing: the interaction with surrounding
molecules reduces the superposition to a mixture in an
extremely short timescale [10].
We can now return to a key question addressed in this
article: Why can we only measure everyday objects in a
certain basis? Decoherence has not answered this ques-
tion, but it does tell us why everyday objects are only
stable when they are prepared in states in a certain basis
– the pointer basis – and superpositions of these states
are destroyed. In particular, decoherence does not allow
us to conclude why our everyday world is objective. Only
certain states might survive the interaction with the en-
vironment, but nothing we have seen so far prevents us
from measuring these objects in a different basis. I could
measure my cat in the basis {|+〉, |−〉}, and if I did this
then I would obtain a completely different set of mea-
surement results to someone else measuring in the basis
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FIG. 2. In quantum Darwinism, the system A interacts with
an environment, but importantly the environment is now split
into N fragments. In the figure we have 8 environments, la-
belled B1 to B8. Each observer, represented as an eye, has
access to only one of the environment fragments.
{|dead〉, |alive〉}. Something more is needed to explain
objectivity, and for this we turn to quantum Darwinism.
Introduction to quantum Darwinism
In quantum Darwinism we still have a system and an
environment, but now we say that the environment is
divided into different fragments, as shown in Figure 2.
In this model, an observer wishing to gain information
about the system does not measure the system directly,
but rather probes one of the fragments of the environ-
ment. Despite perhaps seeming artificial at first, this
model is closely linked to how we observe objects in our
everyday world. Pick an object within your line of sight,
and think about how you are gaining information about
this object. When I observe my mug of tea, I do this by
measuring the photons entering my eye, which had previ-
ously interacted with the tea. But the photons I measure
are only a tiny fraction of the full photon environment,
and the vast majority of the environment is completely
inaccessible to me. Even with state-of-the-art experimen-
tal equipment it would be impossible to measure all of
the photons that interact with the mug. Again we have
an inaccessible environment, although unlike in decoher-
ence now there is a small fraction that is accessible to
me.
As with decoherence, I will introduce quantum Dar-
winism using an oversimplified model, but this should
give the flavour of how quantum Darwinism works. Take
a system that can have one of two states, |↑〉 or |↓〉 (a
qubit). Now imagine an environment containing N frag-
6ments, where each fragment can just have two states,
|0〉 or |1〉. Clearly this environment is highly unrealis-
tic, but it should help to give an intuitive introduction
to quantum Darwinism. The environment is initially in
the state: |000...0〉, where 000...0 represents N zeros. In
this example, the system-environment interaction is as
follows:
|↑, 000...0〉 → |↑, 000...0〉
|↓, 000...0〉 → |↓, 111...1〉 (20)
We see that if the system is in the down state, then each
environment fragment records this by changing to state
|1〉, and similarly the up state is recorded by each envi-
ronment remaining in state |0〉. We first study the case
when the system starts in a superposition state of up and
down. The interaction with the environment will there-
fore be as follows:
1√
2
(|↑, 000...0〉+ |↓, 000...0〉) (21)
→ 1√
2
(|↑, 000...0〉+ |↓, 111...1〉). (22)
Now imagine you have access to one, and only one, of the
environment fragments. As previously, we formulate this
by tracing over all of the inaccessible environments (and
the system, which is also inaccessible to us). Whichever
environment you have access to, the final state of this
environment after tracing out the others is given by:
1
2
(|0〉 〈0|+ |1〉 〈1|) . (23)
Our environment is now in a mixture of zero and one;
by measuring our environment, we can learn nothing
about the fact that the system was initially in a super-
position state – all we can learn is that the system was
in a state with equal weighting between up and down.
But the initial state need not have been a superposi-
tion. It is straightforward to show that if the system
started in the state ∝ |↑〉 〈↑|+ |↓〉 〈↓|, then after interact-
ing with the environment, and tracing out all the inac-
cessible environments, our fragment would still be in the
state ∝ |0〉 〈0|+ |1〉 〈1|.
An important observation here is that every frag-
ment of the environment contains the same information.
Therefore, the information about the system is objec-
tive: different observers with access to different parts of
the environment will agree on their observations.
As with decoherence, it is instructive to also look
at the case where the system starts in a state that is
not a superposition, such as |↑〉. Again considering
the interaction in equation (20) and focusing on one
environment fragment (by tracing out the others), then
regardless of which environment fragment you choose it
will be in the state |0〉. In this case, each environment
fragment perfectly records the state of the system.
The information is objective because each environment
fragment contains the same information. Reconciling
this with decoherence, we see that the states |↑〉 and |↓〉
are pointer states because they “survive” the interaction
with the environment. This reveals why this model is
termed quantum Darwinism.
1) Certain states – the pointer states – survive the
interaction with the environment.
2) Information about these special states is proliferating
into the environment. The states that survive copy the
information about themselves multiple times.
The connection with survival and reproduction in Dar-
winian natural selection is evident. But here there is
only one “generation”: it is not clear that the states of
the environment themselves undergo a Darwinian pro-
cess. For this reason, Charlie Bennett has instead termed
this model quantum spam: certain states do survive the
interaction, but it is a closer analogy to say that they
spam their information into multiple copies.
One way to think about this model is that the en-
vironment is performing a measurement on the system,
and storing the results of that measurement. We saw
that when the system was in the up state, each environ-
ment state stored this information (by remaining in the
state |0〉). If any observer then measures their environ-
ment fragment they can then extract this information.
Now if the system is in a superposition of up and down,
then if we perform a measurement on the state in the
basis {|↑〉, |↓〉}, then we would obtain the result up with
50% probability, and likewise for down. This is precisely
the information contained in the environment after the
interaction: each environment fragment is in the state
∝ |0〉 〈0|+|1〉 〈1|. The only information available by mea-
suring this environment fragment is information about a
measurement in the {|↑〉, |↓〉} basis.
This point becomes clearer when we imagine mea-
suring in a different basis, such as the {|+〉, |−〉} basis
(defined as |±〉 ∝ |0〉 ± |1〉). If we had direct access
to the system, then a measurement in this basis would
give the answer plus with 100% probability. But if we
only have access to an environment in a superposition
of 0 and 1, then measuring this state in the {|+〉, |−〉}
basis (where |+〉 and |−〉 are here defined in terms of
|0〉 and |1〉) would just give plus with 50% probability,
and minus with 50% probability. Information about the
{|+〉, |−〉} basis has not survived the system-environment
interaction. This gives us a crucial result of quantum
Darwinism:
Objectivity of observables: by probing a fragment of
the environment, only information about a preferred
basis is available. If we wish to gain information
about a different basis, this is simply not possible.
7At least in the context of this very simple example,
we have answered the question at the heart of this arti-
cle: why is it that we seem to be forced to measure in a
particular basis? By thinking about how we actually ob-
serve the world around us – by probing a small fragment
of the environment – we have seen that only information
about a particular basis is available. We are not actually
forced to measure in this basis, but if we chose to mea-
sure in a different basis then we would gain nonsensical
information. Presumably, we have evolved to measure in
the preferred basis. A hunter gatherer being pursued by
a lion would not survive long if they tried to measure the
lion in the superposition basis {here± there}! Unhelpful
information would be obtained, and they would surely
perish.
But of course it would be unjustifiable to take this sim-
ple model and extrapolate it into facts about objectivity
in our everyday world. Quantum Darwinism has been
studied in numerous models [11–21] – most of which are
more realistic than my example above – such as a photon
environment interacting with a sphere [22], or quantum
Brownian motion [11]. But so far these models are lim-
ited in scope, and due to the exponential growth of the
Hilbert space required to model larger and larger sys-
tems, for the foreseeable future it will be impossible to
simulate a macroscopic situation. Given this, how could
we ever conclude that macroscopic objectivity emerges
from within quantum mechanics?
The generic emergence of objectivity
Constructing and studying larger and larger models
is not the only way to obtain results about macroscopic
objects. Instead, if we can prove results about the math-
ematical structure of quantum mechanics itself; results
of this nature would then apply to systems of all sizes.
This is precisely what Branda˜o, Piani, and Horodecki did
in their influential paper, “Generic emergence of classical
features in quantum Darwinism” [23]. They showed that
the objectivity of observables is a generic feature of the
mathematical structure of quantum mechanics.
To understand the results of [23] (and a recent result
by ourselves [24]), I must first give some background: I
will introduce quantum channels (a.k.a quantum opera-
tion or cptp maps), and then the “measure and prepare
channel”. Quantum channels provide the most general
way to describe how a quantum state ρ0 evolves into a
new quantum state ρ1. The quantum channel Λ acts as
follows
ρ0 → Λ(ρ0) = ρ1. (24)
Often in quantum mechanics we consider unitary evolu-
tion, which is given by
ρ0 → Λ(ρ0) = Uρ0U†, (25)
for some unitary operator U . But quantum channels are
more general than this, and cover situations in which the
evolution is not unitary, for example in open quantum
systems or when measurements are performed. As long
as we begin in a quantum state, and end in a quantum
state, then a quantum channel can be used to represent
this map.
We can use a quantum channel Λ to describe the evo-
lution that takes place in the system-environment inter-
action shown in Figure 2. The model we now consider
is quite general. The system A can be any state in any
Hilbert space and similarly the environment B can con-
tain any environment state in any Hilbert space. For ex-
ample, system A could be the qubit described above with
basis states {|↑〉 , |↓〉} and the environment can be qubits
in {|0〉 , |1〉}; or the system A could be a cup of tea, and
the environment made of photons; or any other system-
environment interaction you wish to study. We can di-
vide the environment B into as many different fractions
as we require. In general, we have n environment frag-
ments, where each fragment is labelled Bi, for i = 1, .., n,
as shown in Figure 2.
Again we assume that observers can only measure one
fragment of the environment. To formalise this, the par-
tial trace can also be given as a channel. In particular,
the channel that traces out all environments except for
environment Bj is given by Tr\Bj . We then give the full
channel from the system A to the environment Bj , after
tracing out all other environments, as
Λj := Tr\Bj ◦ Λ (26)
where the symbol ◦ formalises how we combine channels
(the channel on the right hand side always acts first).
For example, Λj could represent the quantum channel
for how you observe a mug of tea: the photons interact
with the tea, but the only fragment of the environment
you have access to is Bj , and this whole interaction is
formalised by the channel Λj . While it is near-impossible
to write down exactly what this channel is, it is at least
in principle possible, so it is legitimate to state that this
channel is represented by Λj .
Next, I need to introduce the measure and prepare
channel, which is labelled Ej . Imagine the following task:
you are given an ensemble of states
|ψ〉 = α |↑〉+ β |↓〉 (27)
where α and β are (normalised) constants. You can only
measure in the basis {|↑〉 , |↓〉}. Your task is to tell your
friend as much as you can about the ensemble of states.
One possible strategy to do this is as follows:
1) measure the ensemble of states in the basis {|↑〉 , |↓〉}
2) your measurement outcomes allow you to determine
the probability of up, P (↑) = |α|2, and the probability
8of obtaining down P (↓) = |β|2
3) now you have gathered this information, you can en-
code it in a new state to send to your friend. For example,
you could prepare the state
ρ = P (↑)σ1 + P (↓)σ2. (28)
Here σ1 and σ2 are arbitrary states of your choosing. For
example, σ1 could be a single photon state |1〉, and σ1
could be a two photon state, |2〉. The important thing
to note is that ρ contains everything you could possibly
know about the original state |ψ〉. This is because you
can only perform measurements in the {|↑〉 , |↓〉} basis,
and therefore the only information you can extract from
the state is P (↑) and P (↓). The state ρ contains this
information, and therefore contains everything you could
know about |ψ〉.
4) Now send the state ρ to your friend. Note that the
state ρ is just a classical mixture, and therefore you
could send this information classically. For example,
you could encode this information in a biased coin,
which has probability of landing heads P (↑). You have
now succeeded in your task: you have told your friend
everything you know about |ψ〉.
We now wish to generalise this. We can replace the
measurement in the basis {|↑〉 , |↓〉} with a generalised
set of m measurements {Mk}, where k = 1...m. Instead
of the pure state |ψ〉, we can consider an arbitrary density
matrix ρ. Finally, because we have m measurements, we
also need m states σj,k (the relevance of the subscript
j will become evident soon). Given this, we define the
measure and prepare channel Ej as
Ej(ρ) :=
∑
k
Tr(MkX)σj.k (29)
where ρ is an arbitrary density matrix.
We are now ready to see a simplified version of the
main result in [23] – readers interested in the full math-
ematical result are directed to [23] (and also [24]). Take
any quantum channel Λ from a finite dimensional system
A to a system B (which can have infinite dimensions).
Then consider the channel Λj , introduced above, which
maps to just one of the subsystems Bj . (A simplification
of) the main result in [23] is to show that there exists a
set of measurements {Mk} such that
Λj → Ej as n→∞ (30)
where Ej is given above. (In fact this only applies to most
choices of j, but I ignore this detail in the explanation
below.) In words, this says that any quantum channel Λj
becomes indistinguishable from a measure and prepare
channel Ej in the limit of a large number of fractions of
the environment, n. However, despite the way this is
presented, we do not need n to go to infinity, we justly
need n to be large [23].
So what exactly does this mean? The first important
point is that this applies to any quantum channel : re-
gardless of the details of the interaction between the sys-
tem and environment, and regardless of what constitutes
your system and environment (assuming the system A
has finite dimensions), any quantum channel will become
indistinguishable from Ej in the limit. So what exactly
is Ej? We can understand Ej using the same four steps
given above. Specifically in this case, a measurement is
performed on the system with a specific set of measure-
ments {Mk}. Then each environment fragment is pre-
pared in a state that only contains information about the
measurements {Mk}. Therefore, if an observer wishes to
learn about the system A by probing the environment Bj ,
the only information available in environment Bj is infor-
mation about this particular set of measurements. The
observer might want to learn about a completely differ-
ent set of measurements, but this is simply not possible
if they can only access Bj .
Now comes the most important observation: the set
of measurements {Mk} is independent of j. This means
that, regardless of which environment you have access to,
you can only learn about one-and-the-same set of mea-
surement results. In other words, the observables that we
can learn about are objective: objectivity of observables
emerges generically from the basic mathematical struc-
ture of quantum mechanics.
It is instructive to compare this result with our quan-
tum Darwinism example introduced above, but with a
simple extension. Imagine that the system is prepared in
the state
|ψ〉 = α |↑〉+ β |↓〉 . (31)
It can be shown that, if the system and environment
interact as shown in equation (20), then the final state of
each fragment of the environment will be
|α|2 |0〉 〈0|+ |β|2 |1〉 〈1| . (32)
This is a measure and prepare channel that has measured
the system in the {|↑〉, |↓〉} basis, and then prepared a
mixed state in the {|0〉, |1〉} basis. This example illus-
trates that in many cases the result in equation (30) is
very pessimistic: in this example the quantum channel
from the system to the environments becomes a measure
and prepare channel regardless of the size of n. A more
accurate description of the main result in [23] is that any
channel becomes objective for large enough n, but many
channels will be objective for much smaller values of n.
The result in [23] helps explain why, in the everyday
microscopic world, we are only able to perform measure-
ments in certain bases. This is a consequence of the
manner in which we measure our surroundings, namely
9that we measure a small fragment of a vast environment.
As we have seen, each fragment of the environment only
contains a limited and restricted amount of information.
But we should not get too carried away here. There will
be many examples in which the number of environment
fragments n is not large enough to conclude that Λj is
indistinguishable from Ej . Furthermore, as briefly men-
tioned above not all of the environment fragments Bj
becomes objective; and I should also mention that the
σ’s in the measure and prepare channel may not be mu-
tually orthogonal, so the information about the measure-
ments {Mk}might not even be extractable. Despite these
caveats, the fact that objectivity of observables is built
into the mathematical structure of quantum mechanics
is a remarkable and in some ways refreshing finding.
One important restriction of the results in [23] is that
they only apply when the system A is finite dimensional.
But this severely limits us from concluding that objec-
tivity of observables emerges in many realistic situation.
In particular, the position basis, which is clearly a cru-
cial part of how we measure our surroundings, is infinite
dimensional. Furthermore, continuous variable systems,
such as electromagnetic waves, live in infinite dimensions.
A recent result by ourselves has overcome this finite di-
mensional restriction to prove that objectivity of observ-
ables still emerges from infinite dimensional systems [24].
But this cannot be proved in a completely unrestricted
system, so we considered two physically motivated re-
strictions: firstly, finite energy systems – this arguably
includes all realistic systems of interest – and then sys-
tems with an exponential energy cut-off (see [24] for the
definition of this), which include Gaussian systems. In
both cases we proved bounds to show that as the num-
ber of environment fragments grows large, objectivity of
observables does indeed emerge. In [23], the bound on
objectivity depended only on the system dimensions and
the number of environments; in contrast, our bounds
show an explicit dependence on the system’s energy in
the first case, and the strength of the exponential cut-off
in the second.
What is the role of the observer?
In quantum mechanics, the observer is sometimes given
an essential role in the theory, even at the fundamen-
tal level. But in decoherence and quantum Darwinism
this is not the case. This is seen most easily in the con-
text of the “generic emergence” results of the previous
section, where it was shown that any quantum channel
becomes indistinguishable from a measure and prepare
channel. But in the measure and prepare channel it is
the environment that performs the measurement. Then
the results of this measurement are stored in the state of
environment. We can then ask the question: if an ob-
server wishes to learn about the system by measuring the
environment, what information can they gain? But the
results hold regardless of whether we ask this question
or not: only certain information is available in the envi-
ronment, regardless of whether an observer is present to
obtain this information. A world in which no conscious
observers are present would still be an objective world!
The measurement problem
While it may not be immediately obvious, decoher-
ence and quantum Darwinism can shed significant light
on the measurement problem in quantum mechanics. Nu-
merous suggestions have been put forward to resolve
the measurement problem, but despite the fantastically
successful predictive power of quantum mechanics, no
universally-accepted interpretation yet exists.
I will introduce the measurement problem by returning
to Schro¨dinger’s cat. As described above, Schro¨dinger’s
cat is prepared in a superposition of being dead and alive:
1√
2
(|dead〉+ |alive〉). (33)
The cat is in a sealed box, completely isolated from the
rest of the world. What would happen if you are then
told to open the box and measure the cat? Before you
open the box, we will say that you are in a “neutral”
state, which we denote |neutral〉. If you open the box
and see that the cat is still alive, we say that you will be
happy (assuming you like cats), and therefore the follow-
ing transformation will take place
|alive〉 |neutral〉 → |alive〉 |happy〉 (34)
But if the cat is dead, you will be sad:
|dead〉 |neutral〉 → |dead〉 |sad〉 . (35)
The linearity of quantum mechanics, and in particular
the Schro¨dinger equation, implies that the superposition
state of the cat in equation (34) will evolve as follows:
1√
2
(|dead〉+ |alive〉) |neutral〉
→ 1√
2
(|dead〉 |sad〉+ |alive〉 |happy〉). (36)
Note that this is not controversial in itself: it is just a
straightforward application of the Schro¨dinger equation.
But this suggests that you are now in a superposition of
happy and sad! On the face of it this conclusion seems to
be absurd: our intuition very clearly says that we cannot
be in a superposition. How can we overcome this appar-
ent disagreement between what we perceive, and what
is predicted by applying the Schro¨dinger equation? One
common resolution is to introduce a collapse postulate
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into quantum mechanics. This postulate says that the
state collapses into one of the two possibilities:
|dead〉 |sad〉 or |alive〉 |happy〉 . (37)
In the early days of quantum mechanics, collapse was just
a postulate, and no explanation was given of how collapse
takes place, or what causes it. But this introduces many
difficult questions at the heart of the measurement prob-
lem: What causes the collapse? It is usually assumed
that a measurement causes collapse: but what is a mea-
surement? Often it is said that a “measuring device”, or
even a conscious observer, is what causes the collapse.
But if macroscopic objects are made of quantum parti-
cles, what is so special about a measuring device or a
conscious human observer to cause collapse?
Over the years various theories have been introduced
to explain collapse with the hope of answering the above
questions. Various mechanisms have been proposed:
complexity causes collapse – the more complex a system,
the more likely it is to collapse [25]; or consciousness itself
causes collapse [26–41]; or gravity causes collapse – the
larger the mass, the more likely collapse will occur [42].
These models can therefore explain why Schro¨dinger’s
cat is never seen, or measured, as being in a superposi-
tion state. But despite the popularity of these theories,
they are far from complete. They have never been exper-
imentally confirmed – while the consequences of collapse
are often evident, the collapse itself has never been ob-
served – and furthermore collapse theories have not yet
been extended to relativistic quantum mechanics, which
would be essential for a complete theory. In addition, as
I describe in [43], theories in which consciousness causes
collapse can have some absurd consequences.
A completely different resolution to the measurement
problem exists, which does not involve adding an extra
collapse postulate or mechanism to quantum mechanics.
Here the Schro¨dinger equation itself, with nothing added
or modified, is used to explain the appearance of col-
lapse. Given the great success of the Schro¨dinger equa-
tion, which itself is responsible for quantum mechanics
often being referred to as “our most successful theory
ever”, this would be a desirable result.
As with the rest of this article, the important point is
that systems in the real world are never truly isolated,
and always interact with an inaccessible environment.
Assuming there are photons in the box with the cat, then
as I explain below equation (18), before opening the box
the cat and the photon environment are actually in the
state
1√
2
(|dead〉 |Edead〉+ |alive〉 |Ealive〉) (38)
where Edead and Ealive represent the state of the envi-
ronment after it has interacted with a dead cat, or an
alive cat, respectively. We then open the box, giving the
state
1√
2
(|dead〉 |sad〉 |Edead〉+ |alive〉 |happy〉 |Ealive〉) (39)
The final state is now an entangled state, and we are
now in a superposition of being happy (having observed
the alive cat), and sad (having observed the dead cat).
But how can we confirm this superposition? Interference
is the only way to confirm this superposition, but as I
showed below equation (18) the inaccessible environment
prevents us from ever confirming this superposition. If
we could fully control all of the photons in the environ-
ment, then in principle it would be possible to “erase”
the information they contain, thereby allowing interfer-
ence to take place. But clearly we cannot do this: the
photons remain inaccessible, and we remain unable to
confirm the superposition. This is formalised by tracing
out the environment, which gives
1
2
(|dead〉 |sad〉 〈dead| 〈sad|
+ |alive〉 |happy〉 〈alive| 〈happy|) (40)
Thus, for all intents and purposes, the final state is a
mixture: as far as we can tell we are either happy (having
observed the alive cat), or sad (having observed the dead
cat). No measurement we could ever realistically perform
could tell us otherwise. This explains the appearance of
collapse, and indeed the final state is the same as if we
had invoked a collapse postulate. But here we have used
the Schro¨dinger equation alone to demonstrate why and
how “collapse” happens.
Note that the arguments used up to this point should
still not be seen as controversial: it would be hard to
argue that there are no photons in the box, or that the
photons do not interact with the cat; and if the photons
interact with the cat it is clear that their trajectories
will contain information about the state of the cat; and
the different environmental states of the photons (corre-
sponding to different macroscopic states of the cat) will
clearly be orthogonal; and finally the state of the envi-
ronment will be inaccessible to us.
But the state in equation (40) is not the full picture –
this is just the perceived state, given that we can’t access
the environment. The real state is
1√
2
(|dead〉 |sad〉 |Edead〉+ |alive〉 |happy〉 |Ealive〉) (41)
How should we interpret this? Most scientists, through
most of history, implicitly assume some kind of realism
when interpreting science: the world around us really
does exist, independent of our own existence, and we
can perform experiments in order to learn more about
this world. If we follow this reasoning and interpret the
state in equation (41) as a real physical system, then de-
spite the fact that there is no (practical) measurement we
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could perform to confirm it, we are actually in a super-
position state! This is, in essence, the Everett interpre-
tation of quantum mechanics: We take the Schro¨dinger
equation, and the Schro¨dinger equation alone, and use
this to explain the appearance of collapse. Collapse is
no longer a mysterious and controversial postulate, it is
just a prediction of the Schro¨dinger equation whenever
an inaccessible environment is involved. A realist inter-
pretation of the final state then says that a macroscopic
system has entered into a superposition state. This is the
idea of the “many worlds” that emerge in the Everett in-
terpretation: the different parts of the superposition can
never interfere or interact with one another, so for all
intents and purposes they can be considered as separate
“worlds”, although really they are just different parts of
the same superposition state.
The “branching” or “splitting” of the wave function
into superpositions of distinct macroscopic states hap-
pens whenever a measurement is performed on a superpo-
sition state. But what is meant by “measurement” here?
All of the things we normally consider to be a measure-
ment – such as measuring the spin of a particle, or mea-
suring the state of Schro¨dinger’s cat by peering into the
box – have some important features in common. These
measurements accurately record the state of the system
(e.g. “the spin is up” or “the cat is alive”), and further-
more they record this information in macroscopically dis-
tinct states (e.g. a computer screen displaying “up”, or
the state of the person’s brain who has measured the cat).
These macroscopic states will always interact with an in-
accessible and orthogonal environment, and therefore we
always need to trace out the environment, resulting in
a mixed state of the combined system-measuring appa-
ratus. As soon as the system and measuring apparatus
interact a macroscopic superposition is created; and we
can say that the branching happens at the point when the
environment contains enough information so that the dif-
ferent parts of the macroscopic superposition can never
realistically interfere.
This brief discussion of the Everett interpretation cer-
tainly leaves many questions unanswered, but this is not
the right place to give a complete and thorough descrip-
tion of the theory. The reader is referred to Tegmark
for a non-technical introduction [44], and Wallace for a
thorough description [45]. Instead, our motivation here
is to argue that the Everett interpretation should not be
seen as a radical interpretation of quantum mechanics.
It just results from a straightforward application of the
Schro¨dinger equation, followed by realist interpretation
of the final state. Of course the conclusion – that there
are many “copies” of you simultaneously going about
your day in different “branches” of a larger superposition
state – is it quite hard to swallow. But it is important to
realise that this is not a postulate of quantum mechan-
ics, but rather a prediction. In particular, the Everett
interpretation certainly does not postulate the creation
of whole new universes every time a measurement is per-
formed.
Where does this leave collapse theories? It is hard to
believe that any of the steps leading up to equation (40)
can be denied, given that they just rely on a straightfor-
ward application of quantum mechanics. So, at least in
this example, the appearance of collapse occurs without
needing to add additional dynamics to the theory, as is
done in collapse theories. In this sense, collapse theories
are certainly not necessary in order to explain collapse:
given that it is for all practical purposes impossible to
confirm that you are in a superposition such as that in
equation (41), collapse theories have no added explana-
tory value. But they come at the cost of having to modify
the Schro¨dinger equation – arguably the most successful
equation in physics.
It should be noted that the example above is just one
specific example, and decoherence has certainly not yet
completely explained why we observe the macroscopic
world the way we do. To fully model the world would
require an impossibly large quantum computer. How-
ever, results such as [23] and [24] show that it is possi-
ble to explain certain important aspects of our reality –
namely the objectivity of observables – in a model inde-
pendent way. The Holy Grail of this endeavour would be
to explain all aspects of our classical reality using only
the Schro¨dinger equation, supplemented by a few indis-
putable assumptions.
I should mention that the realist interpretation dis-
cussed above is not the only way to interpret equation
(41). For example, one could argue that the wavefunc-
tion in quantum mechanics represents our knowledge of
the system, rather a real physical system itself (e.g see
QBism [46, 47]). Many more interpretations exist, but
this is not the place to give a full introduction to all the
competing interpretations.
Quantum Darwinism and the Everett interpretation
Above we saw that decoherence uses unaltered quan-
tum mechanics (a.k.a. unitary quantum mechanics) to
explain why we never see macroscopic objects in a super-
position; and that if we are to give a realist interpretation
to quantum mechanics, then decoherence suggests that
the wavefunction forms branches that contain different
macroscopic states. In the Everett interpretation these
branches have some distinct features: The branches must
be orthogonal to one another, as otherwise there would
be some interference between the different branches – i.e.
the dead cat would interfere with the alive cat. And if
there are multiple observers on a branch, then all the
observers should agree with one another, as otherwise
reality would not be objective, which would be in di-
rect conflict with our everyday experiences. Furthermore,
macroscopic objects in our surroundings must exist in
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accordance with our observations of them. For example,
your chair might be in different locations on different
branches, but when you sit on your chair you are sure
that your observations of it – by measuring photons in
the environment – are in agreement with the actual lo-
cation of the chair in your branch.
There is still much work to be done on proving (or in-
deed disproving) that unaltered quantum mechanics does
indeed lead to this description of a branching reality.
But already quantum Darwinism has come a long way
in this regard, for example [48] (although it is interesting
to note that papers on quantum Darwinism are rarely
explicit about any connection with the Everett interpre-
tation, perhaps because this is off-putting to many read-
ers). In this article I have explained how a certain im-
portant aspect of classicality, objectivity of observables,
emerges generically, in any system-environment interac-
tion, so long as there are enough environment fragments.
A natural question then arises: is it possible to prove
that Everett-style branches emerge generically in quan-
tum theory?
One reason why the results in [23] and [24] fall short
of answering this question is that, while the final state
of each environment becomes indistinguishable from the
mixture
∑
k Tr(Mkρ)σj.k (see equation (29)), the states
σj.k are not orthogonal to one another, as would be re-
quired for this to represent a branched state. An inter-
esting extension of [23, 24] would therefore be to inves-
tigate under what conditions the states σj.k do become
mutually orthogonal. This might not be possible with
a completely arbitrary quantum channel, but perhaps it
can be done by placing some reasonable restrictions on
the channel. With this in mind we may ask: what general
properties are shared by all every-day channels? It would
be absurd to consider whether an object in a pitch-black
room is objective; all relevant channels therefore must
involve some minimum amount of information transfer
from the system to all relevant environment fragments.
An alternative restriction could be to coarse-grain the
measurements the observers are allowed to perform (or
e.g. follow the strategy in [49]).
Conclusion
If we apply the quantum formalism to isolated systems,
then we can find any number of seemingly absurd pre-
dictions, most notably that macroscopic objects such as
tables, chairs, cats, and even humans can enter into a
superposition state. This clearly violates our picture of
reality, and at first sight it seems impossible that many
aspects of our classical reality, such as objectivity, can
be explained with unaltered quantum mechanics alone.
However, in hindsight this line of reasoning has a serious
flaw: systems in the real world are never isolated from
their environment – macroscopic objects are continuously
interacting with photons, air particles, and all the other
objects they come into either direct or indirect contact
with. This was the great insight of decoherence, and by
now it is well known that a system interacting with its
environment cannot remain in a superposition state for
long. This reasoning alone cannot explain objectivity,
but by elevating the environment to a channel of com-
munication between a system and multiple observers, we
have seen that objectivity can also emerge.
Despite these developments, the majority of results
in quantum Darwinism were obtained using specific
models. But it is challenging enough to construct a
realistic model of a molecule, never mind a macroscopic
object such as a cat. For this reason, the method of
studying specific models might never allow us to draw
complete conclusions about the macroscopic world, and a
number of important questions regarding the quantum-
to-classical transition will remain unanswered. To
overcome this, we saw here that Branda˜o et al. [23] and
ourselves [24] have instead looked at the mathematical
structure of quantum mechanics, and this method allows
us to draw completely general conclusions, and so infer
things about the macroscopic world itself. We saw that
objectivity is built into the mathematical structure of
quantum theory, and so it is completely consistent that
macroscopic objects have objective properties, despite
the fact that they are made of quantum mechanical
particles. The question of how we can reconcile quantum
physics with an understanding of our everyday world
has challenged scientists for a century, but this ongoing
work in decoherence and quantum Darwinsim is now
providing a solution.
P.K. acknowledges discussions with Gerardo Adesso,
Marco Piani, and Tommaso Tufarelli. This work was sup-
ported by the Foundational Questions Institute (fqxi.org)
under the Physics of the Observer Programme (Grant
No. FQXi-RFP-1601).
∗ Paul.Knott@nottingham.ac.uk
[1] W. H. Zurek, “Decoherence, einselection, and the quan-
tum origins of the classical,” Rev. Mod. Phys. 75, 715
(2003).
[2] M. Schlosshauer, “Decoherence, the measurement prob-
lem, and interpretations of quantum mechanics,” Rev.
Mod. Phys. 76, 1267 (2005).
[3] W. H. Zurek, “Quantum darwinism,” Nature Phys. 5,
181 (2009).
[4] H. Ollivier, D. Poulin, and W. H. Zurek, “Objective
properties from subjective quantum states: Environment
as a witness,” Phys. Rev. Lett. 93, 220401 (2004).
[5] H. Ollivier, D. Poulin, and W. H. Zurek, “Environment
as a witness: Selective proliferation of information and
emergence of objectivity in a quantum universe,” Phys.
Rev. A 72, 042113 (2005).
13
[6] R. Blume-Kohout and W. H. Zurek, “Quantum darwin-
ism: Entanglement, branches, and the emergent classical-
ity of redundantly stored quantum information,” Phys.
Rev. A 73, 062310 (2006).
[7] R. Horodecki, J. K. Korbicz, and P. Horodecki, “Quan-
tum origins of objectivity,” Phys. Rev. A 91, 032122
(2015).
[8] T. P. Le and A. Olaya-Castro, “Strong quantum darwin-
ism and strong independence is equivalent to spectrum
broadcast structure,” arXiv preprint arXiv:1803.08936
(2018).
[9] J. Korbicz, E. Aguilar, P. C´wiklin´ski, and P. Horodecki,
“Generic appearance of objective results in quantum
measurements,” Physical Review A 96, 032124 (2017).
[10] M. Tegmark, “Importance of quantum decoherence in
brain processes,” Physical review E 61, 4194 (2000).
[11] R. Blume-Kohout and W. H. Zurek, “Quantum darwin-
ism in quantum brownian motion,” Phys. Rev. Lett. 101,
240405 (2008).
[12] M. Zwolak, H. T. Quan, and W. H. Zurek, “Quantum
darwinism in a mixed environment,” Phys. Rev. Lett.
103, 110402 (2009).
[13] C. J. Riedel, W. H. Zurek, and M. Zwolak, “The rise
and fall of redundancy in decoherence and quantum dar-
winism,” New J. Phys. 14, 083010 (2012).
[14] F. Galve, R. Zambrini, and S. Maniscalco, “Non-
markovianity hinders quantum darwinism,” Sci. Rep. 6,
19607 (2015).
[15] N. Balaneskovic, “Random unitary evolution model of
quantum darwinism with pure decoherence,” (2015),
arXiv:1510.02386, 1510.02386.
[16] J. Tuziemski and J. K. Korbicz, “Dynamical objectiv-
ity in quantum brownian motion,” Europhys. Lett. 112,
40008 (2015).
[17] J. Tuziemski and J. K. Korbicz, “Objectivisation in sim-
plified quantum brownian motion models,” Photonics 2,
228 (2015).
[18] J. Tuziemski and J. K. Korbicz, “Analytical studies of
spectrum broadcast structures in quantum brownian mo-
tion,” J. Phys. A: Math. Theor. 49, 445301 (2016).
[19] N. Balaneskovic and M. Mendler, “Dissipation, dephas-
ing and quantum darwinism in qubit systems with ran-
dom unitary interactions,” Eur. Phys. J. D 70, 177
(2016).
[20] A. Lampo, J. Tuziemski, M. Lewenstein, and J. K.
Korbicz, “Objectivity in the non-markovian spin-boson
model,” Phys. Rev. A 96, 012120 (2017).
[21] G. Pleasance and B. M. Garraway, “An application
of quantum Darwinism to a structured environment,”
(2017), arXiv:1711.03732v1, 1711.03732.
[22] C. J. Riedel and W. H. Zurek, “Quantum darwinism in
an everyday environment: Huge redundancy in scattered
photons,” Phys. Rev. Lett. 105, 020404 (2010).
[23] F. G. S. L. Branda˜o, M. Piani, and P. Horodecki,
“Generic emergence of classical features in quantum dar-
winism,” Nature Commun. 6, 7908 (2015).
[24] P. A. Knott, T. Tufarelli, M. Piani, and G. Adesso,
“Generic emergence of objectivity of observables in infi-
nite dimensions,” Phys. Rev. Lett. 121, 160401 (2018).
[25] G. C. Ghirardi, A. Rimini, and T. Weber, “Unified dy-
namics for microscopic and macroscopic systems,” Phys-
ical Review D 34, 470 (1986).
[26] E. P. Wigner, “Remarks on the Mind Body question, in
The Scientist Speculates,,” Heinmann, London (1961).
[27] F. London and E. Bauer, La the´orie de l’observation en
me´canique quantique (1939).
[28] E. Schro¨dinger, What is life? The Physical Aspect of the
Living Cell (Cambridge: The Univ. Press, 1945).
[29] W. Miranker, “A quantum state model of consciousness,”
Journal of Consciousness Studies 9, 3 (2002).
[30] D. Bierman, “Does consciousness collapse the wave-
packet?” Mind and Matter 1, 45 (2003).
[31] D. Chalmers and K. Mcqueen, “Consciousness and the
Collapse of the Wave Function,” .
[32] K. Kremnizer and A. Ranchin, “Integrated information-
induced quantum collapse,” Foundations of Physics 45,
889 (2015).
[33] E. J. Squires, “What are quantum theorists doing at
a conference on consciousness?” arXiv preprint quant-
ph/9602006 (1996), arXiv:9602006v1 [arXiv:quant-ph].
[34] H. P. Stapp, “Mind, matter, and quantum mechanics,” in
Mind, matter and quantum mechanics (Springer, 2004)
pp. 81–118.
[35] H. P. Stapp, “Chance, choice, and consciousness: A
causal quantum theory of the mind/brain,” Unpublished
manuscript (1996).
[36] M. Germine, “A Framework for Quantum Paradigms in
Psychopathology Based on the One Mind Model of Quan-
tum Reality,” .
[37] S. Gao, “A Quantum Theory of Consciousness,” Minds
and Machines 18, 39 (2008).
[38] M. V. Altaisky, “Consciousness and quantum me-
chanics of macroscopic systems,” arXiv preprint
arXiv:1607.04400 (2016).
[39] A. Goswami, R. E. Reed, and M. Goswami, The self-
aware universe : how consciousness creates the material
world (Putnam’s Sons, 1993).
[40] F. H. Thaheld, “Does consciousness really collapse the
wave function?” Biosystems 81, 113 (2005).
[41] B. Rosenblum and F. Kuttner, Quantum enigma :
physics encounters consciousness (Oxford University
Press, 2011) p. 287.
[42] R. Penrose, Shadows of the mind : a search for the miss-
ing science of consciousness (Oxford University Press,
1994) p. 457.
[43] P. A. Knott, “Does consciousness collapse the quantum
state?” In preparation (2018).
[44] M. Tegmark, Our mathematical universe : my quest for
the ultimate nature of reality (Vintage, 2014).
[45] D. Wallace, The emergent multiverse : quantum theory
according to the Everett Interpretation (Oxford Univer-
sity Press, 2012) p. 530.
[46] C. A. Fuchs and B. C. Stacey, “Qbist quantum me-
chanics: Quantum theory as a hero’s handbook,” arXiv
preprint arXiv:1612.07308 (2016).
[47] N. D. Mermin, “Physics: QBism puts the scientist back
into science,” Nature 507, 421 (2014).
[48] C. J. Riedel, “Classical branch structure from spatial re-
dundancy in a many-body wave function,” Physical re-
view letters 118, 120402 (2017).
[49] P. Mironowicz, J. Korbicz, and P. Horodecki, “Monitor-
ing of the process of system information broadcasting in
time,” Physical review letters 118, 150501 (2017).
